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Abstract 

A new Mixed-Signal Built-in Self-test approach that is based upon the step response of a 
reconfigurable (or multifunction) analog block is presented in this paper. The technique requires the 
overlapping step response of the Circuit Under Test (CUT) for two circuit configurations. Each 
configuration can be realized by changing the topology of the CUT or by sampling two CUT nodes with 
differing step responses. The technique can effectively detect both soft and hardfaults and does not require 
an analog-to-digital converter (ADC) and/or digital-to-analog converter( DA C). It also does not require 
any precision voltage sources or comparators. The approach does not require any additional analog 
circuits to realize the test signal generator and a two input analog multiplexerfor CUTtest node sampling. 
The paper is concluded with the application of the proposed approach to a circuit found in the work of 
Epstein et a1 [I] and two ITC’97 analog benchmark circuits. 

1. Introduction 

The push for the development of Built-In Self-Tests (BIST) for mixed-signal integrated circuits has 
been driven by the high cost associated with the production and field testing of complex mixed-signal VLSI 
circuits. Anumber of effective digital BIST techniques are currently available for implementing on-chip tests 
for the digital blocks of a mixed-signal circuit [2]. Unfortunately, this is not true for the analog blocks and 
the analog-digital interfaces between those blocks and digital circuits. Most of the current research in this 
area is primarily focused upon techniques to test these blocks and intdaces. Current analog/mixed-signal 
BIST techniques can be divided into two broad classes: (i) functional and (ii) fault-based [3] . In the 
functional approaches the analog block under test is driven with sinusoidal or multitone stimuli and 
measurements are obtained at the output or selected nodes [3,4,5]. This measurement data is subsequently 
processed with the DSPcore, in the ADC-DSP-DAC structure to detect system faults. Generally these 
techniques are based upon analog specifications like signal-to-noise ratio (SNR), fiequency response or 
intermodulation distortion. The primary advantage of functional schemes is that they can detect both soft (or 
parameteric) and hard faults [3]. These techniques are often considered to be the most effective BIST 
approach because of this feature. Analog BIST techniques that employ fault coverage and fault detection 
base upon fault models of devices within the analog block or sub-blocks are called fault-based techniques. 
The major advantage of these techniques is that they are typically implemented with nonconventional stimuli 
or signatures that can easily be generated and processed on-chip with digital techniques. However, these 
techniques can only effectively detect hard or catastrophic faults. The overhead associated with the majority 
of proposed functional techniques is prohibitive if the mixed-signal system does not have the ADC-DSP- 
DAC structure. This is because the tests used in these BIST techniques are essentially based upon network 
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frequency spectrum analysis. They are generally implemented with the Fast-Fourier Transform (FFT), an 
U(n log2 n) algoritbm [6]. A relatively complex DSP-core is required for an algorithm with this time (and 
associated memory) complexity to implement effective functional tests (i.e. tests with high enough spectral 
resolution to detect faults in the analog subsystem). In addition, generally functional tests that are realized 
with the DAC-ADC loop-back structure also require analog-to-digital converters (ADC) and digital-to- 
analog converters (DAC) with more bits of resolution than is required for the original application [5].  

A --- llbvv fxxtiaml am!=$ BIST appach +& d m  no: iec;ilie a ADC, DAC or wrxilex DSP-core 
is presented in this paper. The technique is based upon a nonconventional stimuli, i.e. a step function, but 
can detect both soft (or parameteric) and hard faults. The technique only requires n modified buffers, n 
registers (where n corresponds to the number of unknown parameters in the CUT) a digital counter and a 
simple single-bit processor core (or DSP); this processor can be realized by reconfiguring on-chip digital 
circuits. A single-bit core can be used to compute the parameters in the proposed technique because digital 
circuits are typically must faster than analog circuits and only n2 + n evaluations are required per iteration 
of the Newton algorithm. The proposed technique is based upon the step response of the analog block under 
test (CUT). 

The organization of the paper is as follows: the mathematical basis of the step response based BIST 
approach is presented in section 2. The digital circuit that acquires the timing information from the two CUT 
sampled nodes is described in section 3. Examples of the application of the proposed techniques is presented 
in section 4 . k  conclusions are presented in section 5. 

2. Problem Formulation 

The proposed Mixed-Signal BIST techniques is essentially a parameter extraction or system 
identification approach that is based upon the step response of a reconfigurable or multi-output analog 
circuit. The Newton-Ralphson method is used to find the parameters of the CUT. The component functions 
used to construct the Jacobianmatrix are functions of the CUT output voltage crossover point for two circuit 
configurations (i.e. the point in time where the CUT output exceeds a threshold or switching voltage), where 
the crossover point is determined by the threshold voltage of the logic gate that is driven by the CUT during 
BIST diagnosis. 

Our primary objective in this section is to present the mathematical basis of this approach. The most 
effective way to do this is to apply the proposed approach to a simple circuit. The circuit selected for this 
demonstration, a passive first order highpass filter, is shown in Fig. 1. The transfer function of this filter is, 

s + ap H(s) = - 
S + P  

its pole and DC gain are, 
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respectively. These relationships, i.e. equation (1) and (2), are determined by the circuit topology and the 

Figure 17 1 ” Order High-Pass 
Filter 

value of the circuit elements. We assume that circuit faults do not change the circuit structure therefore, the 
only parameters required to identify the system defined by equation (1) isp and a. The timedomain output 
V,,,,(t) of this filter for a step function with a peak value of V,, i.e. 

K”(t) = V-(t) is, 
~ ~ ( t )  = V& + (l-a)e-wk(t) (3) 

if we let p = -p. Now lets change the circuit topology as shown in Fig. 2. 
R 

Figure 18 1’‘ Order Low-Pass Filter 

The step response of this circuit is, 
If we 

Wequa 
t e  

the output voltage of the two circuit configurations, i.e. eq (3) and (4), and rewrite that 
expression such that it equals zero we derive the following function in terms of a and p, 

Aa,P,tl,t2) = ~ , ( { 2 a  - 1 + (1 - aHe -’I + e-’?) . ( 5 )  

The time r, and rz in eq (3, corresponds to the point in time where the output voltage of the circuit in Fig. 
1 equals the output voltage of the circuit in Fig. 2. These time points, hereupon referred to as crossover 
points, correspond to the time when the output voltage of both circuit configurations equals a reference 
voltage VrP The Newton method is used to find the above two parameters, i.e CL and p. This method requires 
the following two partial derivatives, 



and two set of crossover points are to realize the Jacobian matrix. These two sets of points require two 
corresponding reference voltages VRd and VRa that correspond to the output voltage of the above circuits 
(i.e. configuration 1 and configuration 2 respectively) at (t,, t,) and (t3, t,) respectively. These expressions, 
i.e. eq. (6), are plotted as a function of the reference voltage in Fig. 3 (for V,, = 5.0V, a = 0.3333 and p 
= 15.0). The partial derivative ofJTa,p,t,,t,) with respect to p is symmetrical about the reference voltage V, 
at 2.5 volts. Therefore the Jacobian matrix will be non-singular as long as the two reference voltages VR4, 
,and VRG are not set to equal values above and below this symmetrical points, e.g. at 2.0 and 3.0 which both 
&re 0.5 volt 8om 2.5 voltzgs. Thc Jacobizri m& is, 

Na,P,tl,tz) Ma,PJlJ2) 
aa aP 

Ma,P9t3,t4) 2tkPJ3J4) 
aa aP 

J(G) = (7) 

We obtain the following recursive formula, 
- -  
J%+1 = X" - p(<)-l]X<) 

where, 

e Now consider the above circuits, i.e. Fig. 1 and Fig. 2, for the following component values, R, = 2K!2, R, 
= l a ,  V,, = 5.0 volts, and C = 1OOpf. Then using eq. (3) we find that a = 113 and that p = 15.0. The step 
response of Fig. 1 and Fig. 2 for these values is shown in Fig. 4. If we let the reference voltages VRd and 
VRG equal 2.5 volts and 2.0 volts respectively, the crossover points are, t, = tz = 92.41962 mSec , t3 = 

61.08605 mSec, and t4 = 153.5057 mSec. Now using the above crossover points and an initial value of CL 

= 0.1 and p = 25.0 the Newton method converges rapidly (quadratically usually [7]) to the correct circuit 
parameter 

respect to the reference voltage Vw 
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n I I  

Iteration 

0 

1 

Figure 20 Output Voltage of above circuits 

a P Error 

.1000000 25.00000 .10000E+W 

.2771510 6.68585 .18315E+O2 

values as shown in Table 1. The parameter values at the 7'h 

.5621070 

.3333337 15.01813 .23482E+00 

.3333334 14.99999 .18145E-O1 

.3333333 15.00000 .108303-04 

.3333333 15.00000 .238943-11 

.3333333 

iteration corresponds to the value of a and p in eq (4) for the above component values. The transfer hc t ion  
of the highpass filter shown in Fig. 1 can then be computed as follows, 

s + a p -  s + 5  
s + p  s + 1 5  

H(s) = - - - . (9) 

Although the reference voltages VR4, and VR& in this example were set, their values in general are not 
required for the proposed approach. The only requirement is that they be set to two distinct values that insure 
that the Jacobian matrix is non-singular. Therefore, precision voltage references and comparators are not 
required to implement the proposed technique. 
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3. Test Circuit 

Digital techniques are used to excite and acquire the response of the analog CUT. The input 
waveform, i.e. CUT excitation, is generated witha digital circuit with sufficient drive to ensure that the input 
step function rising edge is shape enough to approximate an idea function. An additional requirement for this 
source is that it does not overdrive the CUT over the output signal range of the digital source, i.e. 
approximately fkom 0 to VDD The crossover points required by the proposed BIST technique are determined 
by comparing both CUT configuration outputs to some predefmed reference voitages. Tine accuracy of the 

reference voltages, Le. VRd and V,,, in the proposed approach is not important. Therefore the threshold 
voltage of a digital CMOS buffer or inverter can be used to implement the comparators in the analog-digital 
BIST interface. The threshold voltage of a CMOS buffer/inverter is determined by the ratio KR of the 
transconductance parameter of the n-channel and p-channel devices. The threshold voltage of the buffer 
decreases with increase KR as shown in eq. (10). Hence a buffer with differing where, 

KR ratios can be used to realize the comparators. Although the threshold voltage of these comparators is not 
well controlled, due process and temperature variations, it can be used in the above analog BIST technique 
because it only requires that the reference voltages be distinct and relatively stable. The following circuit can 
be used to realized a test circuit for a CUT that require three threshold voltages. The content of the counter 
is loaded in the corresponding register REG when Vo,,,(Q, i.e the output of the CUT, exceed or falls below 
the threshold voltage of the buffers in Fig. 5.  The asynchronous edge detectors in this circuit products a pulse 
that is at least one clock cycle in duration whenever a transitions appears on the output of the associated 
buffer. This loads the corresponding register. 

Figure 21 Test Circuit 
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4. Example 

In this section we examine the application of the proposed approach to an Elliptical filter found in 
[ 11 and two ITC'97 analog benchmark circuits, i.e. the Continuous-time State-variable filter, and the Leap- 
frog filter described in [7]. Although, the proposed approach can extract parameters associated with the 
operational amplifiers in the benchmark circuits we omit these features here, i.e. operational amplifier poles, 
zeros, offset voltage, nonlinearity, etc., for simpiicity .We fist consider the Continuous-time State-variable 
filter in [7] with an analog multiplexer that selects the filter output that is processed by the digital test circuit 
(ie. filter outputs BPO and LPO). The transfer functions of the selected nodes are, 

Therefore the transfer hctions of the filter in Fig. 7 can be determine if the following four parameters a, 
p, K ,  and K2 are known. The step response at the sampled nodes can take three forms because the poles pair 
in eq. (1 1) can appear as: two complex poles, two real but distinct poles, or two real identical poles. The step 
response of this filter at outputs Voul,(t) and V,,(t) in terms of the above circuit parameters is 

The step response of this filter for both outputs is shown in Fig.6 for the following circuit nominal component 
values (i.e. for p > a'): R, - R, = l o a ,  R, = 3K, R, = 7K and C, - C2 = 20nF. The step response of both 
outputs, i.e. Vou,,(t) and Kur3(t), overlap over the 0.0 to -5.0 volts range. Therefore these outputs can be 
equated at any voltage within this range. The reference voltages should be set 
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to values in this range. The component fimction for this circuit (for p > a,) is, 

I 

where, 

This expression contains three unknowns, i.e a, p and K2 and is insensitive to the step input voltage peak 
voltage, i.e V,, Three reference voltages are required to construct the Jacobian matrix. The following values 
where selected for these reference voltages: V, = -l.OV, VrD = -2.OV and V ,  = -3.OV. The six crossover 
points found for these reference voltages and the above component values are: t, = 0.23898 msec, t2 = 
0.133 1 1 msec, t3 = 0.19 139 msec, t4 = 0.19509 msec, ts = 0.141 57 msec and t6 = 0.24780 msec respectively. 
An example of the convergence behavior for proposed approach for the above circuit (for a = 750, p = 
4943.43 and K, = 2 .5~10 '  and reference voltages V, = -1 .OV, V,, = -2.OV and V, = -3.OV) is shown in 
Table2 forthefollowinginitialvalues, a =  1012.5, p=4449.087,andK2= 1 5 . 0 ~ 1 0 ~ .  The fourthparameter 
,i.e. K,,can be found using a similar approach.The Newton algorithm 

Table 2 
Convergence behavior Newton Algorithm 

Iter. a P K, Error 

0 1012.500 4449.087 .1500000E+08 1000.000 
1 745.2750 4990.371 .25166203+08 .1016620E+08 
2 750.1977 4943.415 .2499934E+08 166859.4 
3 750.0017 4943.429 .2500000E +08 657.0998 
4 749.9977 4943.432 .2500000E+08 9.471197 
5 749.9983 4943.432 .2500001E +08 ,2879982 
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unkuown parameters associated with each of these filters and the iteration count required to reduce the 
Newton loop error function to lo4 or reach the loop limit, i.e. 25, is shown in Table 3. 

circuit Soft Fault No. No. 
I I Parameters I Iteration 

Continuous-time State- 
variable filter 181 

~ a P - f w l  filter (81 

- 6 ~  4 25 

+ 6a 4 25 

-60 9 19 

+ 6a 9 25 

1 0.21 

‘c 

Elliptical filter [ 11 

mits 

Error 

- 6 ~  14 25 

+6a 14 25 

0.017 

0.28 

0.1659 

0.001 

5. Conclusion 

We presented a new mixed-signal BIST approach that is based upon the step response of the analog 
CUT. Although, this technique posses many of the characteristics of fault based BIST techniques such as 
using non-conventional stimuli and CUT output measurements it is also like functional BIST techniques in 
the sense that it can be used to detect both hard and soft faults. The CUT excitation circuit can be realized 
with digital techniques because of the above property and the time domain based realization of the proposed 
BIST technique. The test measurements are acquired with a digital circuit, and processed with a finite-state 
machine to construction and solve the matrix J(x) using to implement the Newton-Raphson equations. The 
proposed technique is effective under process drift because of these models. The technique is also insensitive 
to the initial state of the CUT and the switching voltage of the circuit driven by the CUT. The number of 
reference voltages required to implement this approach must equals the number of circuit unknowns. These 
references do not need to be known or precise. The CUT needs to be reconfigurable or needs to contain 
multiple outputs. The output of each configuration or output for the multiple output case must overlap to 
construct the component functions. 
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